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Physics Potential of Future Atmospheric Neutrino Searches 

Thomas Schwetz* 
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The potential of future high statistics atmospheric neutrino experiments is considered, having in mind currently 
discussed huge detectors of various technologies (water Cerekov, magnetized iron, liquid Argon). I focus on the 
possibility to use atmospheric data to determine the octant of O23 and the neutrino mass hierarchy. The sensitivity 
to the 6'23-octant of atmospheric neutrinos is competitive (or even superior) to long-baseline experiments. I discuss 
the ideal properties of a fictitious atmospheric neutrino detector to determine the neutrino mass hierarchy. 



1. Introduction 

In the past atmospheric neutrinos have played 
an important role in establishing the phenomenon 
of neutrino oscillations via observing the domi- 
nant oscillation mode in the 2-3 sector of Lep- 
ton mixing [I]. However, very soon precision 
long-baseline (LBL) experiments [2|3|4j will out- 
perform atmospheric neutrinos in the determi- 
nation of the oscillation parameters |Ato|]^| and 
sin^2023- Hence, the question "Can we learn 
something more from atmospheric neutrinos in 
the era of precision neutrino oscillation exper- 
iments?" arises. In the following I will sug- 
gest that the answer to this question is "yes", 
by considering sub-leading three-flavour effects 
(see, e.g., [5] and references therein) in future 
high statistics atmospheric neutrino experiments. 
Projects currently under discussion 6 include Mt 
scale water Cerenkov detectors [7], large magne- 
tized iron calorimeters [8], or 100 kt scale liquid 
Argon time projection chambers [9]. See also [10] 
for a recent review. 

2. Combining LBL and ATM data from Mt 
water detectors 

The primary aims of future neutrino experi- 
ments are the determination of the mixing angle 
013, the CP-phase 5cp, and the type of the neu- 
trino mass hierarchy (normal or inverted), i.e., 
the sign of Am|i. It is well known that parame- 
ter degeneracies are a severe problem on the way 
towards these goals. In Ref. [11 it was demon- 



strated that for LBL experiments based on Mt 
scale water Cerenkov detectors data from atmo- 
spheric neutrinos (ATM) provide an attractive 
method to resolve degeneracies. 

Atmospheric neutrinos are sensitive to the neu- 
trino mass hierarchy if ^13 is sufficiently large due 
to Earth matter effects, mainly in multi-GeV e- 
like events [T^, see, e.g., [13] for recent studies. 
Moreover, sub-GeV e-like events provide sensitiv- 
ity to the octant of 823 [14ll5j due to oscillations 
with Arriji- However, these effects can be ex- 
plored efhciently only if LBL data provide a very 
precise determination of jArngj^j and sin 2^23; as 
well as some information on ^13 llj. 

Here we illustrate the synergies from a com- 
bined LBL-I-ATM analysis at the examples of the 
T2K phase II experiment [3] (T2HK) with the HK 
detector of 450 kt fiducial mass, and two experi- 
ments with beams from CERN to a 450 kt detec- 
tor at Frejus (MEMPHYS) [16] , namely the SPL 
super beam and a 7 = 100 beta beam (/3B). The 
LBL experiments are simulated with the GLoBES 
software [17], and a general three-flavor analysis 
of ATM data is performed [16111115] . For each ex- 
periment we assume a running time of 10 years, 
where the neutrino/anti-neutrino time is chosen 
as 2-1-8 years for SPL and T2K, and 5-1-5 years 
for the beta beam, see [16] for details. 

The effect of degeneracies becomes apparent in 
Fig. [Tj For given true parameter values the data 
can be fitted with the wrong hierarchy and/or 
with the wrong octant of ^23- Hence, from LBL 
data alone the hierarchy and the octant cannot 
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Figure 1. Allowed regions in sin^ 26*13 and Sep for LBL data alone (contour lines) and LBL+ATM data 
combined (colored regions). The true parameter values are Sep = — O.SStt, sin^ 20i3 = 0.03, sin^ 6*23 ~ 0.6. 
jjtr/wrj-Qti/wi-j j-gfQj-g solutions with the true/wrong mass hierarchy (octant of 923). 



be determined. Moreover, as visible from the 
solid lines in Fig. [T] the degenerate solutions ap- 
pear at parameter values different from the true 
ones, an hence, ambiguities exist in the determi- 
nation of 013 and Sep ■ If the LBL data are com- 
bined with ATM data only the colored regions 
in Fig. [1] survive, i.e., in this particular exam- 
ple for all three experiments the degeneracies are 
completely lifted at 95% CL, the mass hierarchy 
and the octant of 6*23 can be identified, and the 
ambiguities in ^13 and Sep are resolved. Let us 
note that here we have chosen a favorable value of 
sin^ 023 = 0.6; for values sin^ 623 < 0.5 in general 
the sensitivity of ATM data is weaker [TT] . 

In Fig. [2] we show the sensitivity to the neutrino 
mass hierarchy. For LBL data alone there is prac- 
tically no sensitivity for the CERN-MEMPHYS 
experiments (because of the very small matter 
effects due to the relatively short baseline of 
130 km), and the sensitivity of T2HK depends 
strongly on the true value of ^cp- However, with 
the LBL-I-ATM combination all experiments can 
identify the mass hierarchy at 2<t CL provided 
sin^ 26*13 > 0.02-0.03 [16]. 

Fig. El shows the potential of ATM-f LBL data 
to exclude the octant degenerate solution. Since 
this effect is based mainly on oscillations with 
Am|]^ there is very good sensitivity even for 
9i3 = 0; a finite value of ^13 in general improves 
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Figure 2. Sensitivity to the neutrino mass hi- 
erarchy as a function of sin^ 2^13 and Sep for 
6*2™'^ — tt/A and a true normal hierarchy. Solid 
curves correspond to LBL-I-ATM data combined, 
the dashed curves correspond to T2IIK LBL data- 
only. /3B and SPL without ATM have no sensi- 
tivity to the hierarchy. 



the sensitivity[ir. From the figure one can read 
off that atmospheric data alone can resolve the 
correct octant at 3cr if | sin^ 6*23 — 0.5| > 0.085. If 
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Figure 3. Ax^ of the solution with the wrong 
octant of 6*23 as a function of sin^ 6*23 . We have 
assumed a true value of 013 = 0. The dashed 
curves show the Ax^ of 6*32 = 45°, i.e., the ability 
to exclude maximal mixing. 



atmospheric data is combined with the LBL data 
from SPL or T2HK there is sensitivity to the oc- 
tant for I sin^ 6I23 - 0.5| > 0.05. 

3. Magnetized iron calorimeters 

In water Cerenkov detectors one cannot distin- 
guish between neutrino and anti-neutrino events. 
This limits the sensitivity to the mass hierarchy, 
since depending on the hierarchy the resonance 
occurs either for neutrinos or anti-neutrinos. 
Therefore, in principle one expects that the sen- 
sitivity improves for detectors capable to distin- 
guish atmospheric neutrino from anti-neutrino 
events. In the following we discuss the possibility 
offered by a large (several 10 kt) magnetized iron 
calorimeter similar to the INO proposal^. Such 
a detector can determine the charge of muons, 
whereas electron detection is difficult. The princi- 
ples of atmospheric neutrino measurements with 
a 5.4 kt detector of this type have been estab- 
lished recently by the MINOS experiment [18j. 

Here we report the results obtained in Ref . [TO] , 
see Ref. |5D] for related considerations. We limit 



ourselves to ^-like events, and we assume a cor- 
rect identification of j/^- versus P^-events of 95%. 
The observation of the muon and the hadronic 
event allows in principle to reconstruct the origi- 
nal direction and energy of the neutrino. Indeed, 
it has been stressed in Ref. [19] that the accuracy 
of neutrino energy and direction reconstruction 
is crucial for the determination of the hierarchy. 
The reason is that the difference in the event spec- 
tra of normal and inverted hierarchy show a char- 
acteristic oscillatory pattern. If this pattern can 
be resolved a powerful discrimination between the 
hierarchies is possible. If however, the oscillatory 
pattern is washed out because of a poor accuracy 
in energy and direction reconstruction the sensi- 
tivity to the hierarchy decreases drastically. 

In Fig. [4] we show the sensitivity to the hierar- 
chy for a 500 kt yr exposure of an INO-like detec- 
tor. In the left panel we assume that the neutrino 
energy can be reconstructed with an accuracy of 
15% and the neutrino direction with an accuracy 
of 15°, whereas in the right panel the very opti- 
mistic accuracies of 5% and 5° are adopted. De- 
tails on our simulation and systematic errors are 
given in Ref. fTHj. One observes from the plot 
that for optimistic assumptions the hierarchy can 
be identified at 2cr if sin^ 20i3 > 0.02. This sen- 
sitivity is comparable to the one from Mt wa- 
ter Cerenkov detectors discussed in the previous 
section. If however, more realistic values for the 
energy and direction reconstruction are adopted 
the sensitivity deteriorates drastically and values 
of sin^ 2^13 > 0.1 (close to the present bound) are 
required. 

4. The ideal atmospheric neutrino detector 

What are the properties of an ideal atmospheric 
neutrino detector to determine the mass hierar- 
chy? In Fig. [5] I show the number of events needed 
to obtain a hierarchy determination at 2a for var- 
ious assumptions on the event sample. One can 
summarize the results in the following way. An 
ideal detector should be able to 

• see e-like events with charge ID (at least 
statistically), 

• see /i-like events with charge ID, 



4 
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Figure 4. Sensitivity to the neutrino mass hierarchy of a magnetized iron calorimeter for different as- 
sumptions on the neutrino energy and direction reconstruction accuracy. We assume 500 kt yr data from 
an INO-like detector, corresponding to 4000 up-going /z-like events with > 2 GeV. Here, 9^^° = tt/A 
and we assume external information on jArngj^j and sin^ 2023 of 10%, and an uncertainty on sin^ 20i3 of 
±0.02. 



• reconstruct neutrino energy (direction) at 
the level of few % (degree) for fi like events, 

• and it should be very big. 

Let us emphasize that for an e-like event sam- 
ple even a rather modest statistical separation of 
neutrino from anti-neutrino events will improve 
drastically the sensitivity. The example with 50% 
CID shown in Fig. [5] assumes that e-like events 
can be separated into two samples with ly/D ratios 
of 2:1 and 1:2, respectively. Possibilities of sta- 
tistical separation of neutrino and anti-neutrino 
events without a magnetic field have been dis- 
cussed recently in the context of a low-energy 
Neutrino Factory [21]. The possibility to ex- 
plore the different fractions of single and multi- 
ring events for neutrinos and anti-neutrinos to en- 
hance the hierarchy sensitivity of ATM data has 
been mentioned in [16] . 

5. Concluding Remarks 

I have discussed the potential of future high 
statistics atmospheric neutrino experiments, fo- 
cusing on the possibility to resolve the octant 



and the hierarchy ambiguities by exploring sub- 
leading three-flavour effects. 

The octant degeneracy in general is rather hard 
to resolve for long-baseline experiments. In this 
case atmospheric data provide a rather robust sig- 
nature in the sub-GeV e-like events due to oscil- 
lations with the solar frequency Arn^i- The sen- 
sitivity is largely independent of the value of ^13. 
Hence, if 623 turns out to be non-maximal atmo- 
spheric neutrinos provide a competitive method 
to resolve the octant degeneracy. 

The determination of the neutrino mass hi- 
erarchy is based on the resonant matter effect 
for neutrinos with long trajectories through the 
Earth (large nadir angles) in the energy range of 
a few GeV. This effect can be explored to deter- 
mine the neutrino mass hierarchy if ^13 is relative 
large. In this case data from atmospheric neu- 
trinos may be able to perform this measurment, 
or at least provide complementary information to 
long-baseline data. However, if sin^ 20i3 turns 
out to be less than a fewxO.Ol it becomes ex- 
ceedingly difficult for atmospheric neutrinos and 
the sensitivity of long-baseline experiments with 
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Figure 5. Number of up-going events (cos^nadir > 0.1), with > 2 GeV for a 2a determination of the 
neutrino mass hierarchy. Curves are shown for different assumptions on event types (e- vs /Lt-hke), charge 
identification (CID), and energy and direction reconstruction. The horizontal hues indicate the typical 
exposures (fiducial mass times time) assuming 80% efficiency. 



baselines L ~ 1000 km would be the preferred 
option to measure the neutrino mass hierarchy. 
Fig. [6] shows that the "short" baseline experi- 
ments SPL/T2HK -I- atmospheric data can deter- 
mine the mass hierarchy for sin^ 26113 ^ 0.05 (at 
least for some values of the CP phase), while, e.g., 
a wide band beam with L « 1300 km could pro- 
vide solid sensitivity down to sin^ 26'i3 ~ 0.008. 

Finally I mention the large potential of atmo- 
spheric neutrino data to constrain (or eventually 
discover) all kinds of non-standard neutrino prop- 
erties. The reason for this good sensitivity is 
(in most cases) the wide range in neutrino en- 
ergies and baselines probed in atmospheric neu- 
trinos. Some examples are non-standard inter- 
actions [23| , violation of Lorentz invariance |24j , 
quantum decoherence j25j , neutrino decay , or 
sterile neutrinos Wf\- 
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